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I. A :::JTUYY OF RET.-\T::\I::\C: \\-. ..\.LL F . .\IJXRE:-; 
R. B. Pi-:c:K. H. 0. 1Rf:LA:->D , and C. Y. TE:->G 
S.um mary 
Under the a uspice:-; of the American R a ilway Engineering As:;ocia-
tion, questionnaires " ·e re :-;ent to the chief enginee r::; of all of the 
American raih\-ay,.; requesting information about retaining 1rnlls or 
abutments that had failed or that had experienced progressiYe moYe-
rnent to an unde,;irabl e extent. 
The questionnaire brought forth information about a large number 
of retaining wall s and abutments. The failures and rnoYements haYe 
been analyzed \Yith re;;;pect to their probable cau;;;es. It has been found 
that, with few exception:;; , the difficulties 1Yere due to misjudgment of 
foundation conditions rather than to incorrect as::;umptions regarding 
the backfill pressure. 
Introduction 
In 1945, the Committee on Masonry of the American Railway 
Engineering Association appointed a subcommittee on earth pressures 
against masonry structures. The subcommittee's principa l assignment 
was to study and revise the current specifications of the Association 
with respect to retaining walls and abutments. 
As one of the first steps in this study a questionnaire "·as sent to 
all principal railroads of the United States and Canada to obtain 
information about retaining walls and abutments that had performed 
unsatisfactorily - in particular, about retaining walls that had failed 
completely or that had experienced movements of such magnitude as 
to impair their function. Data were not requested about failure of 
abutments by scour. 
The chief engineers of 77 railroads were invited to contribute in-
formation. Thirty -seven ( 48 per cent) did not reply. Twenty-four 
(31 per cent) reported that no difficulties of any consequence had come 
to their attention or that failures had occurred only in very old walls 
designed according to rules of thumb now considered obsolete. The 
remaining 16 (21 per cent) reported that the behavior of at least 
some walls and abutments had been unsatisfactory enough to cause 
concern. These 16 submitted information about 44 wall s and a but-
ments that were considered unsuccessful. The location of these struc-
tures is shown in Fig. 1. 
Inasmuch as almost 80 per cent of the indiYiduals to whom ques-
tionnaires >Yere sent either reported no difficulties or did not reply , it 
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would appear a reasonable conclusion that the great majority of 
retaining walls and abutments can be considered successful and that 
as a rule the present methods of design are at least adequate and pos-
sibly conservative. Nevertheless, a sufficient number of failures or of 
examples of excessive movement was reported to indicate that walls 
designed according to the customary procedures are not necessarily 
stable or static. 
D escription of Walls and Movements 
The unsatisfactory walls and abutments are classified in Fig. 2a 
according to their height, and in Fig. 2b according to the magnitude 
of the movement they experienced. The majority experienced forward 
movements of 6 to 12 in. This is probably an indication that move-
ments less than 6 in. are commonly not a matter of concern, and sug-
gests that movements smaller than about 3 in. are usually considered 
quite normal and satisfactory. 
In Fig. 3 the walls are classified according to the type of movement 
they experienced. It may be observed that about 18 per cent failed 
completely. That is, they overturned, or broke structurally, or were 
considered in such imminent danger of collapse that they had to be 
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FIG. 1. l.oCATION OF UNSUCCESSFUL WALLS AND ABUTMENTS 
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FIG. 2. CLASSIFICATION OF UNSATISFACTORY WALLS AND ABUTMENTS 
either strengthened or else removed and replaced. More than half the 
walls experienced a progressive outward or tilting movement. 
Figure 3 also indicates that almost half of the unsatisfactory walls 
were supported on piles. This fact suggests that there was general 
recognition of unsatisfactory foundation conditions and that an at-
tempt to improve the foundations was made by providing pile support. 
Nevertheless it does not appear that the mere use of piles, even in-
cluding batter piles, sufficed to prevent excessive movement of the 
walls. 
Figure 4 shows the foundation and backfill materials associated 
with those walls that experienced progressive outward or tilting move-
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ments. In every reported example of progressive movement where t here 
was suffi cient information to classify t he soils, clay occurred in t he 
foundation or in t he backfill , and in most instances occurred in both . 
This suggests that present and past design procedures must be quite 
conservative when foundation condi tions are good and when t he back-
fill consists of sand or gravel. On the other hand, it a lso suggests that 
the facto r of safety of walls fo unded on clay or backfilled wi th clay is 
probably on the average much lower than belieYed by t he designers. 
T ypical Examples of Unsatisfactory B ehavior 
The first example of unsatisfactory behaYior is illustrated in Fig. 5, 
which shows t he pertinent data concerning one of a pair of open abut -
ments constructed for a grade separation. It was recognized that t he 
fo undation for the abutments would require pile support , and the struc-
ture was founded upon cast-in-place concrete piles hav ing an embed-
ment of 45 ft. One group of fo ur of these piles was tested, with the 
resul ts shown in the figure . On the basis of t he test it appears that 
the average shearing resistance of the soil \YaS approxim ate ly 0.17 
ton per sq ft. 
To lighten t he load on the abutments as much as possible and at 
the same time to reduce the active earth pressure of t he ra ilroad em-
bankment, t he a butments were made hollow and it was specified that 
t he fill should slope downwa rd toward the toe. In spi te of t hese pre-
cautions, each abutment began to settle during const ru ction, and 
when the tota l dead load reached 5000 tons eac h abutment began to 
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ti lt tmrnrd the fill and to sink into the ground. At th is stage the aver-
age settlement increased very rapidly from 4 in . to a lmost 10 in. 
Thereupon t he fill was remand and the design a ltered in such a way 
that no fill rested upon the bases of t he abutments when the bridge 
\vas completed. 
On t he assumption t hat the average shearing resistance of the soft 
subsoil was 0.17 ton per sq ft, t he total ultimate bearing capacity 
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FIG. 5. UNSATI SFACTORY BEHAVIOR: DATA CONCERNING ONE OF A PAIR OF 
OPEN ABUTMENTS CONSTRUCTED FOR A GRADE SEPARATION 
of the base of the abutment should have been approximately 5300 
tons. This value is in reasonable agreement with the observed load at 
failure. Therefore it appears obvious that the fai lure of the abutment 
was caused by overloading the subsoil and had little if any relation 
to the active earth pressure against the abutment. 
Figure 6 shows the pertinent data concerning a typical example 
of progressive forward movement of large magnitude. The piles pene-
trated t he soft material and rested on t he medium clay at a depth of 
40 ft. The two abutments and two intermediate piers for the bridge 
were completed, and backfilling was in progress, when movements of 
all four elements of the substructure were observed. M easurements 
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FIG. 6. UA'SATISFACTORY BEHAVIOR : DATA CoKCERX IXG A TYPICAL Ex.u1PLE 
OF PROGRESSIVE FORWARD MOVEYIEXT OF LARGE MAGJS" ITUDE 
yielded the results indicated on Fig. 6. The distance L 2 between the 
intermediate piers decreased almost as much as the distance L 1 be-
tween abutments. This means that the monment was deep-seated and 
involved the lateral squeeze or flow of clay toward the center of the 
bridge from each end. Such a movement could hardly be caused other-
wise than by overloading the clay stratum by the weight of the back-
fill. Under the weight of the fill the bearing capacity of the soft 
reddish clay and overlying material was probably approached and a 
slow lateral flow or creep was initiated by the excessive shearing forces. 
The lateral pressure against the abutment was probably not excessive, 
because the abutments were of the open type and the fill was allowed 
to extend through t hem. 
This example indicates that the lateral forces acting against a 
nrtical section through an abutment supporting a high fill may be 
nry great - considerabl!· greater than the forces due to the active 
earth pressure against the abutment itse lf. This fact was demon-
strated clearly by the bchaYior of a >it ructure built during the war to 
store iron ore. The structure consisted of hrn parallel retaining walls 
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about 30 ft hi gh and 275 ft apart. The 11·alb 11·crc tied to each other 
by a series of steel rods just below the ground surface. A deep deposit 
of medium clay underlay the st rncture. The bcha,·ior of the \\·alb wa;; 
obsernd by means of strain observations on the tic rods. At the yield 
point of the rods, their capacit~· to resi,;t the horizontal forces again;;t 
t he retaining walls was 70,000 lb per linear ft of \\·all. "\Yhen the 
iron ore was piled to a height of 22 ft the rods reached their yield 
point strain. Yet according to any rational method of computation 
the acti\·e earth pressure of the ore against the \\'all s could not haYC 
exceeded about 16,000 lb per linear ft. Therefore the actual horizontal 
forces exerted against the wal ls and their foundations were more than 
four times the computed earth pressures. Independent obserYation R 
demonstrated that the ultimate bearing capacity of the clay beneath 
the storage yard was 2.6 tons per sq ft, whereas the weight of 22 ft of 
ore was 1.8 tons per sq ft. Therefore the factor of safety against a 
bearing capacity failure was only about 1.4. At such a low factor of 
safety, excessive and continuous horizontal deformations in the sub-
soi l arc to be expected. 
In a large number of the other examples of progressiYe outward 
movement or tilting, conditions appeared to be simil ar to those indi-
cated in Fig. 6 except that the movements were generally much smaller. 
This would suggest that the shearing stresses in the foundation were 
considerably smaller with respect to the shearing strength of the soil 
than in the example described. NeYertheless, it is believed that in 
practically all the examples the lateral forces in the subsoil of the 
structure were considerably greater than the computed active earth 
pressure. ProgressiYe moYements were ob:;;erved eYen on seYeral " ·alls 
supported by fairly stiff clays. 
In a number of instances, progressive movements seemed to have 
begun during the 1930s in spite of the fact that the walls had been 
apparently static for many years before. This \ms generally attributed 
by the railroad engineers to the marked increase in locomotive weights 
during thi s period. Many of the walls were designed for Cooper's E-30 
or E-40 loading, whereas by the 1930s the weight of motive power had 
generally increased the load ing to E-60 or E-70. It is quite possible 
that this increase in live load, with accompanying increase in toe 
pressures, was responsible for the beginnmg or reviYal of moYements. 
There is, however, no satisfactory way to evaluate the relatiYe im-
portance of this factor. 
In most instances where both the backfill and the foundation con-
sisted of clay, it was not possible to ascertain the relative importance 
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of those moYements associated ''"ith oYerloading the clay foundation 
and those that may have been caused by the progressive decrease of 
the strength of the backfill material. The evidence appears to indicate 
that foundation failures or foundation movements were more preva-
lent than those caused by an increase in the backfill pressure of clay. 
However, several of the complete failures undoubtedly belong in the 
latter category, and it is certain that clay backfills did in several 
instances exert an increasing pressure. 
In two examples concrete gravity walls were built to retain clay 
fills sloping at 17f to 1 upward and away from the crest of the wall. 
In one case the top of the fill was about 8 ft above the top of the 
wall, and the wall itself was 8 ft high. In the other the wall was only 
6 ft high and the fill was about 60 ft high. Both walls were stable for 
a number of years. Both failed structurally at a point above the 
foundations. This fact indicates that deep-seated foundation move-
ments could not have been the primary cause of failure. Hence it must 
be inferred that the pressure of the clay gradually increased until 
failure occurred. 
Conclusions 
The records obtained by means of the questionnaire are still being 
studied and analyzed. However, it is believed that several rather 
definite conclusions can be drawn at present. 
1. Considering the total number of conventionally designed re-
taining walls and abutments, failure or progressive movement is rela-
tively uncommon. 
2. Unsatisfactory behavior is rarely encountered unless the subsoil 
of the wall, or its backfill, or both , contains clays or clay-like ma-
terials. The most prevalent cause of trouble is the overloading of clay 
foundations by the weight of the backfill. The second most common 
cause is probably the gradual increase of pressure when the backfill 
material consists of clay. A possible third cause of some importance 
is the increase of live load. 
3. Contrary to the opinion of some engineers, it seems doubtful 
that the effects of vibration due to traffic on granular backfills are of 
serious importance. Otherwise it is probable that more difficulties 
would have been reported with walls backfilled with sand. 
4. The unsuccessful behavior of walls has been due primarily to 
misjudgment of the foundation conditions. Present methods of design 
place the emphasis almost exclusively on computed earth pressures 
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that often have little relation to the real forces that the structures 
must resist. In the future , much more attention should be given to 
the foundation conditions and to possible time-conditioned changes 
that may occur in the backfill. The theoretical study of earth pres-
sures has provided a fascinating diversion for engineers, but it has 
tended to blind them to an understanding of the real behaYior of 
earth-retaining structures. 
II . E:XPERIE:.\'CE "\YITH FLE\:l BLE CD~YERT:-; THROL"GH 
R . .\ILROAD E~lBA:.\'K_\lE:.\'TS 
0 . K. P ECK A'\D R. B . P ECK 
I ntroduction 
About 1926, in:::t a llation of la rge-di ameter fle--.:ible steel culYcrts 
\Ya" begun on t he Den\"Cr & Rio Grande "\Yestern Railroad in Colorado, 
Utah , and Xe\\. ~Iexico. About thirt>· ::; uch cu!Ye1is ranging in di-
ameter from 7.5 to 15 ft \\·e re placed beneath fills yarying in depth 
from 2 to 50 ft. The behaYior of t hese culYCrts has been closely ob-
sen-ccl sin ce that time, deflection measurements have been made on a 
number of the structure;;:, and measurements ha»c been made in detail 
on t \\"O that " ·ere subj ected to ext reme conditions of backfilling. This 
paper describes the results of the observations. 
General D iscussion 
The culverts consist of corrugated steel or iron plates bent to a 
circul ar shape before cl cliYcry and asi:;cmblrd into a cylindrical unit 
in the field. The thickness of the steel varies from 0.1719 in. to 0.2812 
in. The corrugations arc spaced at 6-in. interva ls; the depth of the 
corrugations is 1 Yz in. H ence the pipes are relatinly fl exible. 
After t he pipes have been erected t hey are backfi lled with selected 
material. The soil close to the pipe, especially near t he bottom, is 
thoroughly tamped by hand and a ll the material beside the pipe is 
carefully compacted in layers. During the process of backfilling, 
Ycrtical struts a re located in the pipes, t heir length being such that 
the ,·erti cal diameter exceeds the horizontal diameter by about 3 per 
cent. At t he upper encl of each strut is placed a block of soft wood so 
compressible that it \\·ill crush and permit a decrease of diameter as the 
vertical load on the culvert gradually increases. After the fill has set-
tled and a stable condition has been reached the struts are removed. 
Flexible culverts of this type depend upon the resistance of the 
surrounding so il for t heir stability. The th ickness of the metal shell 
is determined by the requirement that suffi cient bearing must be pro-
Yidcd fo r the bolts in the longitudinal joints bel\Ycen segments to with-
stand the circum ferentia l compression produced by the weight of t he 
oYcrburdcn. Bending moments clue to differences in t he in tens ity of 
ve rti cal and lateral pressure arc ignored. It is assumed t hat t he culvert 
will deform suffi ciently to de»clop pressures practically equa l in all 
directions around the entire structure. The stabili ty of t he shell there-
fo re requires only t hat the changes in diameter be within reasonable 
limi tf' . 
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Fie. 1. J,0xc1TL"Dl'.'\AL SEcTJOx THRoc;cn A F1LL ix \YJ-11 c u I s 
BL"lllED A PIPE CL"J.\"ERT 15 FT IX DIA'.\ I ETEll 
Figure 1 shO\\"S a longitudinal section t hrough a fill in \Yhich is 
buried a pipe culYert 15 ft in diameter. The depth of t he conr is 41.5 
ft. The base of t he cul\"Crt rests in a depression t rimmed to the con-
tour of the plates through the lower 90 deg of t he structure. The 
depression was carved in an old \\·agon and automobile road built on 
a subgraclc of cli i:;intcgratccl granite ranging in size downward from 
1 in. to particles of sil t diameter. On eith er side of the rest of the 
cuh·ert a fill consisting of disintegrated granite was pushed against 
the pipe in 6-in. to 12-in. layers and compacted by a 20-ton bulldozer. 
Above the top of the pipe , t he fill \\"aS placed by clumping from a 
trestle. All backfill material was granul ar. Near the pipe, no pieces 
la rger t han 3 in . in diameter "·ere permitted. 
The relation between time and the shorten ing of t he vertical 
diameter of this culvert is shown in Fig. 2 b~- t he cu rve marked Struc-
ture A. A i:;mall amount of crushing took place \Yhilc t he struts were 
still in position. At the time indicated by S, the struts were removed 
and t he vertical di ameter shortened rapidly fo r a few weeks. However , 
at the encl of 200 days , movements had virtually ceased, and no ap-
preciable movements could be observed after 500 clays. The lengthen-
ing of the horizontal diameter was approximately equal to the 
shortening of the vertical diameter. 
The material surrounding this culnrt was resistant to deformation , 
and the diameter changes "·ere moderate. On a second structure, 
designated as Structure B, 10 ft in diameter, much less fayorab le ma-
teria l was avail able fo r both the foundation and the backfill. Indeed 
Structure B represents t he mo:-:t unfavorable condi tions under " ·hich 
an>· of the culverts \YCrc insta lled. 
Figure 3a shows a cross-section through the fill in wh ich Structure 
B \\·as located. Th e depth of cover was 13 ft. A cross-section of t he 
cul YCrt is shown in Fig. 3b. This diagram shows the soi l conditions 
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and the method of compaction . Except at the up;::tream end " ·here the 
culYert rested upon shale bedrock , the structure rested on sanely clay 
\Yith considerable organic matter. A bed of graYel about 18 in . thick 
'ms placed in a shallO\\" trench excaYatecl in this material, but as much 
as 4 ft of relatively compressible clay remained beneath the grawl 
bed. The backfill con:::istccl of a residual f'i lty sand derived from 
shale and contained numerous rather large fragments of unwcatherccl 
shale. The effectiYe size was about 0.25 mm and the uniformity co-
efficient 20. The liquid limit of the material passing a No. 28 mesh 
sieve was 44.1 per cent and the plastic limit 28.8 per cent. Hence the 
binder material might properly be classified as a silt of medium 
compressibility. 
The ends of the cu!Yert were protected by concrete headwalls as 
shown in Fig. 3a. The concrete headwalls were cast directly against 
the pipe and were bonded to it by bolts. 
The decrease of the Yertical diameter at Stations 30 and 50 near 
the middle of the cu!Yert is shO\Yn in Fig. 2. It is observed that the 
percentage diameter change equals approximately twice that for 
Structure A and that about three years were required for the struc-
ture to reach equilibrium. Although the performance of this structure 
was not as satisfactor? as that of any of the other culverts, the 
structure nevertheless developed no signs of failure and was entirely 
adequate for its purpose. 
On account of the compressible material beneath the fill the base 
of the fill settled appreciably . The settlement of the invert of the 
culvert during the first three months is shown in Fig. 3a. The settle-
ment placed the bottom of the culvert in axial tension. The only 
visible effects of the tension, however, were a few small cracks in the 
headwalls and a relative movement indicating that the upper part 
of the culvert was pulling out of the headwalls. At a similar site close 
to the location of the flexible culvert a concrete box culvert was 
established. It was subjected at the bottom to tension of the same 
nature as that experienced by the flexible cuh-ert, and as a conse-
quence developed a transverse crack across the inYert and part way 
up the sides. 
The behavior of the other flexible culverts on "·hich measurements 
were made is indicated in Table l. The movements are generally inter-
mediate between those of Structures A and B. SeYeral of the culverts, 
including one 10 ft in diameter under 3 ft of coYer, \Yere subjected to 
heavy traffic with the largest locomotives currently in operation. ~o 
structural defects of any conseciuence have appeared. 
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TABLE 1 
OssE1n-Eo D1sTORTION OF FLEXIBLE Cu1, VERTS AT CE!\TER OF F1L1, 
I Percentage by Diameter, l\letal Thi ckness, Overburden, Years Since \Vhich \ . crtical 
Erection Diam ls Less ft in. ft Than That of 
True Circle 
7 .5 0.1875 2 3 -2.5 
7.5 0.1875 4 3 2. 7 
7 .5 0.2188 9 3 I. 4 
8. 75 0.21 88 4 3 I. 7 
8. 75 0.2188 5 4 I. 7 
8. 75 0.2188 9 3 4 . 7 
8. 75 0.2188 12 3 0.0 
8. 75 0.2188 13 3 3.2 
8. 75 0 .2 188 15 3 1.9 
10.0 0.2188 3 2 1 3 
10.0 0.2188 3 6 4 .3 
10.0 0 .2 188 6 3 0.3 
10.0' 0 . 1875 13 5 7 . 1 
10.0 0.2813 19 2 2.8 
10 .0 0.2813 19 2 l. 8 
10.0 0.2500 46 3 2.3 
10.0 0.2813 50 4 5.1 
15.0t 0.2813 37 2 0.1 
~ote: Total vertical diameter cha nge approximately 3 per cen t plus value given in table. 
• Structu re B. 
t Structu re A. 
In contrast to the culverts described above, a similar installa-
tion was made on a portion of roadbed subsequently acquired by 
the Denver & Rio Grande Western. The culvert had been placed on the 
bottom of a ravine crossed at a high level by a wood trestle. The 
trestle was replaced by a granular fill. The lower part of the fill con-
sisted of frozen chunks pushed in by a bulldozer. The rest was dumped 
from the top of the trestle. No serious efforts were made to compact 
the material around the pipe, and several large voids were left be-
tween the timbers of the trestle and the pipe itself. During subsequent 
operations of the railroad the structure of the loose fill collapsed and 
a locomotive was derailed when the roadbed gave way. The operations 
necessary to reconstruct the culvert were costly. 
Summary and Conclusions 
As a result of experience, it is believed that flexible culverts when 
carefully installed and properly backfilled represent safe and eco-
nomical structures which require less maintenance than rigid culverts 
of the same size. Chiefly on account of the ease of installation , their 
initial cost is much less than that of other types providing com-
parable drainage openings. However , since flexible culverts possess 
very little inherent strength of their own, it iR essential that backfilling 
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operations be carefully supervised and controlled. Because of the 
difficulty of obtaining adequate compaction from the bottom to about 
the lower third-point of the height of the culverts, it would appear 
adYisable to prepare a bed of compacted fill and to trim it to the 
contour of the lower part of the culvert with the aid of a template. 
Except for culverts backfilled with highly plastic soils, with which 
there has been no experience on this railroad, it is believed that the 
preceding conclusions have general applicability. 
The effect of dissolved substances in the groundwater deleterious 
to steel or iron should be considered. However, in many parts of the 
western United States concrete culverts are generally subject to more 
rapid deterioration than galvanized steel or iron. 
The foregoing discussion makes it clear that theoretical analyses 
based on the results of soil tests are not warranted in connection with 
the design of flexible metal culverts. If the soil is adequately com-
pacted, a moderate deformation of the culvert will establish a state of 
nearly uniform all-around pressure. As a consequence, the section 
modulus of the culvert plates is practically irrelevant. If the culvert 
metal and the bolted joints are adequate to resist the ring stresses, no 
other stress conditions need be investigated. Field supervision of back-
filling operations is, on the other hand, of outstanding importance. 
III. :::;ETTLK\IEXT OBSERYATIO::\~ 0::\ A LARGE 'YATER 
TA::\K , SALT LAKE C ITY . "CTAH 
0 . K P EC K AC\D R. B. P EC K 
Summary 
This paper dc;;:c ribes the results of se ttlement obscrYations on a 
\Yater storage tank located abo,·e a deep bed of stratified clay and 
sand. The relationship between settlement and time is discussed. In 
addi tion, a comparison is made between t he observed settlements and 
t hose computed on the basis of a simple statistical relationship be-
bYecn the compressibility and the liquid limit of normally loaded clays. 
History of Structure 
The water storage tank is one of a group of structures compnsmg 
an install ation for t he treatment of water for use in locomotives. Also 
included in the group are a one-story treating plant 47 by 25 ft in 
plan , and a structure , 21 by 9 ft in plan, used for salt storage. The 
general relationship between the three structures is shown in Fig. 1. 
At the closest poin t the t reating plant is 5 ft from the foundation of 
the tank. 
The storage tank has a diameter of 35 ft and a height of 60 ft . It 
rests upon a circular reinforced concrete mat 45 ft in diameter. The 
mat in turn rests upon a compacted gravel fill about 6 ft thick. The 
general arrangement of the tank foundabon is shown in Fig. 2. 
Before the construction of the foundation for the tank, 5 borings 
were made with a post-hole auger to a maximum depth of 15 ft. The 
borings indicated the presence of as much as 10 ft of compact fill 
placed a number of years before. Between depths of 10 and 15 ft a 
deposit of loose sand was found. A sample taken from a depth of 15 ft 
indicated that the material was fine-grained and extremely uniform. 
On account of the loose character of the sand , the mat upon which 
the tank was founded was heavily reinforced. For the same reason 
the treating plant itself was supported on a short-pile foundation. The 
piles were intended merely to develop enough skin fri ction in the fill 
and sand to carry the relatively small weight of the structure without 
excessive settlement. 
The treating plant and tank were completed on J anuary 27, 1942. 
In the expectation that _there might be a small amount of differential 
settlement which would necessitate restoring the tank to a vertical 
position, nine reference points were spaced equally around t he periph-
ery of the concrete mat , and the elevation of these points was deter-
22 
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mined with respect to two independent benchmarks located on opposite 
sides of the tank at distances of 82 and 93 ft from the center line of 
the tank. 
Four days later, on January 31, the tank was filled with \Yater in 
order to test the structure. During the process of filling, the average 
settlement of the tank reached a value of 0.4 ft. Two days later the 
settlement had increased to 0.49 ft and after a week to 0.58 ft, or 
approximately 7 in. Because of the progressive nature of the settle-
ment, readings were taken daily until February 22, twenty-three days 
after the first filling. 
By this time the settlement of the tank exceeded 0.7 ft and it 
became evident that the movement was of deep-seated origin, inas-
much as settlements of this order of magnitude could not be attributed 
to the sand disclosed by the borings. Pending decision as to the proper 
procedure, the tank was emptied, whereupon it rose slightly less than 
1 in. and remained stationary for a 17-day period in the empty condi-
tion. The soil exploration equipment of the railroad was brought to 
the scene and a boring was made. Samples obtained at close intervals 
by means of a split spoon 1 ~ in. in diameter were examined and 
described by the geologist in charge of the boring equipment. A 
condensed form of the geologist's report is shown in the boring log on 
the left side of Fig. 2. At a depth of about 18 ft a deposit of soft 
clay containing sand layers was encountered. This material extended 
to a depth of at leas~ 60 ft. The boring ended at a depth of 67 ft in 
sand. All the clay members of the deposit contained numerous thin 
partings of sand, many at a spacing of not more than 1 in. 
Several samples were preserved in a fairly intact state and were 
shipped to the laboratory for tests . The results of the determinations 
of natural water content, liquid limit, and plastic limit are shown in 
Fig. 2. In addition the unconfined compressive strength of two samples 
was determined. These two were the only samples sufficiently undis-
turbed to justify the tests, and it is probable that their strength was 
appreciably less than that of the natural soil. Nevertheless the results 
indicated that the clay was of a soft to very soft consistency. The 
tests on the disturbed samples indicated that the natural water con-
tent was approximately equal to the liquid limit. This condition sug-
gested that the clay was part of a normally consolidated deposit. As a 
matter of fact, the water tank is located within the area defined by the 
shore line of glacial Lake Bonneville, and the stratified clay and sand 
are undoubtedly a lacustrine deposit formed in this ancient prede-
cessor of the present Great Salt Lake. 
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FIG. 3. RESULTS OF STUDIES OF SETTLEMENT LEVELS 
At the same time that the borings were being made the results of 
the settlement levels were being studied. They are shown in Fig. 3, 
in which the average settlement is plotted as a function of the loga-
rithm of time. It was observed that up to the time the tank was 
emptied the points representing the settlements fell upon a straight 
line. The reasons for this empirical fact were not clearly understood 
but it was considered improbable that the settlement should accelerate 
in such a manner that future points would fall below the line defined 
by the observations. If the trend continued at its original rate for a 
period of as much as 100 years, the average settlement would not 
exceed 1 Y:i ft. Since this amount could be tolerated by the pipe con-
nections between the tank and the treating plant it was decided to 
refill the tank. 
As shown in Fig. 3, the tank was again filled 56 days after con-
struction. It remained full until approximately 200 days. At this time 
the treating plant was placed in operation. Under operating conditions, 
the tank is approximately 87 per cent full. Correspondingly, the slope 
of the settlement- log time curve after 200 days was flatter than during 
the first 23 days. The latest readings taken in 1946 continue to indi-
cate that the plotted relationship approximates a straight line and 
suggest that the 100-year settlement will be somewhat less than the 
value given above. 
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Discussion of Rate of Settlement 
Part of the "cttlcrncnt that occurred when the tank wa=- filled 
undoubtedly had its origin in the 100,.:e sand beneath the gravel fill; 
a nry small part may have originated \\·ithin the gra,·c] fill itself. An 
estimate of the magnitude of the settlement due to the gravel base and 
loose sand can be made by considering the behavior of a very similar 
tank on a nearly identical foundation at Salida, Colorado. This tank 
i:-: 32 ft in diameter and 50 ft high. The compacted base rests on fine 
loose sand and "ome coarser material , all of 11·hich has been deposited 
by the Arkansas RiYer on its bedrock Yalley floor. No clay underlie~ 
the tank. On its first filling, the anrage settlement of the tank was 
0.19 ft. After scnral fillings the settlement increased to 0.24 ft. 
The tank in Salt Lake City is somc1Yhat larger and exerts a some-
what greater total load on its foundation. Therefore it seems reason-
able to assume that a settlement of at least 0.20 ft can be attributed 
to the cohesionless material above the clay. This represents half of the 
total settlement obseITecl 2 clays after the tank \YaS first filled. 
The settlement- log time curve, Fig. 3, appears to be linear between 
2 and 23 clays after the tank was filled. After the readjustments clue 
to emptying and refilling the tank, the curve again appears to be 
linear. Hence the plotted curve consists essentially of two straight 
lines that differ in slope, possibly because of the reduction in load after 
about 200 clays. 
The dash curve in Fig. 3 shows the theoretical time-settlement re-
lation computed on the assumptions that the entire weight of the 
structure was applied to the subsoil on the elate the tank was filled , 
and that the effective spacing of the drainage layers is 2 ft. The dash-
dot curve shows the relation for a spacing of 4 ft. If the drainage 
layers were spaced at 0.6 ft, which is quite possible insofar as the 
boring log is concerned, the entire computed primary settlement of 
0.87 ft would have required only about 2 clays. 
It is apparent that no reasonable assumptions regarding the drain-
age conditions lead to a theoretical time-settlement curve resembling 
the one based on the observations. The reasons for the difference are 
not fully understood. However, one factor is probably the rate of load 
application. Placement of the gravel fill increased the soil pressure 
on the area to be covered by the mat by 450 lb per sq ft, and con-
struction of the mat and tank increased the pressure to 1020 lb per 
sq ft. These operations took place over i"CYeral months, and whatever 
settlement occurred during this period 1ya" unobserved. However, the 
water load ,1-hile the tank 1rns being tested was rapidly applied and 
it amountC'd to 2250 lb per :;q ft. ThC' obsNwd sett lement- log time 
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cur-Ye represents the combination of the complete curye due to the 
rapid !~· applied load and the latter part of the curn clue to the pre-
ceding gradually applied load. If the curve for the preceding loads had 
already passed its point of contraflexure and \Yas concaYe up,1·ard when 
the water load was applied, the two simultaneous processes could 
have produced a settlement-log time curve that was almost straight 
during a limited period of time. Under this interpretation, a period 
of 2 or 3 months would have been required for primary consolidation, 
but this can hardly be verified because at this time the observed 
curve was complicated by the effects of emptying and refilling the 
tank. The 2- or 3-month period of primary consolidation is not un-
reasonable in view of the multiplicity of drainage layers in the clay. 
However, this possible explanation for the shape of the observed 
curve involves something of coincidence, and it may be preferable 
to consider the observations as purely empirical data. 
Difjerential Settlements 
After the tank was emptied, settlement reference points were estab-
lished on the two nearby structures and readings were taken on them 
as well as on the tank. The increase in settlement from the time the 
tank was refilled until 1946 is shown in Fig. la. The settlements are 
plotted as the percentage of the maximum observed settlement, which 
occurred at the edge of the mat closest to the buildings. The mat 
remained unbroken and practically plane during the settlement. On 
account of the presence of the adjacent buildings the tank tilted 
slightly in their direction , but not enough to justify any alterations. 
Figure lb shows settlement contours computed on the basis of 
comparatively simple assumptions concerning the subsoil. It was 
assumed that the mass of clay could be divided into two principal 
layers, one of which extender! from a depth of 18 ft to a depth of 32 ft 
and the other from 32 ft to 52 ft. The upper clay layer was assumed 
to have an average liquid limit of 44.3 per cent, and the lower layer 
a liquid limit of 38 per cent. The value of the compression index was 
determined by means of the statistical relationship 
Cc= 0.009 (Lw -10%) 
in which Lw is the liquid limit expressed as a percentage of the dry 
weight. This equation has been found to giYe satisfactory results for 
normally loaded clays having a water content close to the liquid limit. 
The stresses were computed at midheight of each layer on the assump-
tion that the subsoil \ms ela>;tic, homogeneous, and isotropic , and the 
28 ILl.1:\01:' E:\Gl:\1':1·:111:\C: EXPEHnll·::-.:T STATLO:\ 
settlement 'ms computed beneath each of the points at "·hich settle-
ment obse1Tation::; 11·ere made and at a fe11· additional points. 
The computed maximum settlement occurred near the middle of 
the tank and amounted to 1.04 ft, and the computed ayerage settle-
ment of the tank \ms approximately 0.87 ft. The computed settlement 
contours shO\nl in Fig. lb show Yery satisfactory agreement with the 
observed contours in Fig. la when it is remembered that the tank 
actually had a rigid base whereas a flexible base was assumed in the 
computations. 
The computed average settlement of the tank, 0.87 ft, compares 
with the settlement of 1.1 ft actua lly observed in 1946. The actual 
settlement will doubtless continue to increase slowly. Therefore the 
approximate settlement computation indicated settlements somewhat 
smaller than those actually observed. Ne,·ertheless, had the results 
been availab le before construction they would haYe given adequate 
warning of the probable behavior of the structure. If a settlement of 
0.20 ft is considered to be clue to the compaction of the loose sand 
above the clay, the observed settlement in 1946 clue to the clay alone 
was of the order of 0.9 ft. On this basis the agreement between com-
puted and obse1-vecl settlements is quite satisfactory. In reality, a 
detailed discussion of the relation between the absolute values of the 
observed and computed settlements has no great significance because 
the observed time-settlement curve cannot be divided with certainty 
into two parts, one representing the primary consolidation and one 
representing secondary compression. 
Conclusions 
In this paper the history of a water-treating plant founded above 
a deep bed of stratified sand and clay has been described. A curve of 
obsei-ved settlement for the heaviest unit in the treating plant, the 
water tank, has been presented. It does not have the characteristic 
shape usually associated with time-settlement curves for structures 
on clay. It is probable, but not certain, that the deviation from the 
usual cun·e is due to the rate at which the load \ms applied. 
The paper also indicates that a satisfactory conception of the 
settlement of the structure could haYc been obtained by means of 
very simple computations in which the compressibility is determined 
on the basis of its statistical relationship \Yith the liquid limit. The 
liquid limit could haYe been ascertained by testing samples from a 
simple test boring such as that subsequently drilled to explore the 
soil conditions. The differential settlement between Yarious parts of 
the treating plant could han been predicted very accurately. 
IV. SETTLE:\IE:\'T OF FOU~DATIO:\' Dl'E TO 
SA TURATIOX OF LOESS Sl7BSOIL 
0. K. PECK AXD R. B. PECK 
Summary 
This paper contains a description of settlements that occurred 
when the loess subsoil of a structure was unintentionally saturated. 
Description of Structure 
The structure under consideration is a one-story building, approxi-
mately 327 by 200 ft in plan. It was built in 1930 for servicing steam 
locomotives. As shown in Fig. 1, most of the floor area is occupied by 
16 pits each about 4 ft \Yicle, between 4 and 6 ft deep, and about 120 
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ft long. The pits provide access to the under sides of the locomotive 
frames. The rest of the structure is occupied by storage space, a 
machine shop, a boiler, and two water tanks, each of 50,000-gal. 
capacity. 
The framework of the structure is of precast concrete with a 
timber roof. The columns support little load except that of the roof. 
They rest upon small concrete pedestals that for the most part have 
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bases 4 ft squa re. The maximum design load at the base of these 
pedesta ls was 1.6 tons per sq ft. 
Figure 2 shows a cross-section through one of t he engine pits. It 
consists of a concrete trough upon which rests timber blocking that 
supports the rails. On either side of t he pit, t he engine-house floor 
consists of cinders resting upon the original ground surface. The 
cinders were originally not covered with impervious material. 
Foundat ion conditions appear to have been uniform over the 
entire site. The soil was originally described as a silt with sufficient 
cementing material to make it cohesive and very stable. It was nec-
essary to use picks for all excavations for the footings. Several heavy 
structures had previously been erected in the vicinity. None of these 
structures had experienced suffi cient settlement to raise any suspicions 
concerning t he quality of the foundation material. Within the engine 
house itself no settlement was experienced in connection with the 
relatively heavy boilers or the two 50,000-gal. water tanks. 
History of Se ttlement 
Less t han a year after construction of the engine house serious 
settlements were observed in the northeast corner. The six pits on the 
north end of the building had settled between 1 and 6 in. Several 
columns of the eastern portion of the house settled by amoun ts vary-
ing from 1 to 15 in.; t he maximum value occurred at Column A, Fig. 1. 
The settlement caused a cer tain amount of structural damage to t he 
north wall , \Yhich was pushed out of plumb by the action of cross 
bracing between the columns. 
It was fo und that the northeast corner of the building had been 
used extensively for washing out locomotives, whereas t he other parts 
of t he stru cture were never used for th is purpose. Wh ere t he washing 
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had been done, la rge amounb of water "·ere spilled onto the area 
bet,Yeen the pit~ . Since these area:; had no im1w1Tiou:;; smfacc, the 
\rnter readily sank thrnugh the cinder fi ll and in to t he unde rlying 
soil upon \Yhich the foot in gs rested. As soon as t he sub,;o il became 
more or less saturated, Yery rapid subsidences occurred. 
A closer exami na tion of t he subsoi l indicated that the material was 
a gray-brnwn loess containing yertical root holes. The prnnounccd 
root-hole structure demonstrated that t he locss had never before been 
saturated and t hat its original highly pornus structure was intact at 
the time the building was constructed . T ests on small samples of t he 
material indicated a natural porosity of 46 per cent. The effective 
grain size of the material was 0.013 mm and t he uniformity coefficient 
5.8. These values are typical of wind-blown loess. It is apparent that 
the la rge quantity of water was sufficient to dissolve the cementing sub-
stances and to permit the structure of t he loess to collapse. Further-
more, sin ce the engine pi ts cracked during subsidence, it is possible 
that a certain amount of t he soil was subsequently washed into t he 
pits and removed. 
It was found necessary to reconstruct some of the footings and to 
reduce the design load to 0.5 ton per sq ft where the structure of t he 
material had been completely destroyed . A surfac ing of impervious 
rock asphalt was placed over t he area where washing operations were 
carried out, and addition al dra inage facilities were provided. During 
the 15 years since t hese repairs were made only. very minor subsidences 
have occurred. 
Conclusions 
The preceding example indicates t hat the structure of a very rigid 
undisturbed loess deposit even with a porosity as low as 46 per cent 
can be irreparably damaged by flooding. As a consequence, t he surface 
of the deposit may settle and buildings founded on the deposit may 
subside and crack. The settlement appears to be caused almost ex-
clusively by the destruction of the bond between the particles of t he 
loess and to be practically independent of the intensity of t he loading. 
Y. ~IEASl.TIK\IEXT~ OF PRESSL"RES AGAIXST A DEEP 
SHAFT IX PLASTIC CLAY 
R. B. PECK AXD SrnxEY BER:'>IAX 
Surmnary 
This paper describes the method of construction of a deep circul ar 
shaft in Ch icago, the soil conditions adjacent to the structure, and 
measurements made to determine the lateral pressure exerted by the 
soil against the lining of the shaft. 
D escription of Excavation 
Construction of a pump and sump for t he Chi cago Subway re-
quired the excavation of a circul ar shaft extending to a depth of 72 ft 
below the street surface. The top of the shaft was located 11 ft below 
t he street surface, within the basement of an old six-story building. 
These condit ions are shown in the Plan and Section, Fig. 1. It is seen 
that the space occupied by the shaft ·was not located under the build-
ing proper, but was in a vaulted space beneath the sidewalk. 
For a depth of 30 ft below the basement floor , t he shaft had a 
diameter of 15.5 ft. For t he remainder of the depth the diameter was 
12 ft. The lining of an existing shield-driven tunnel, 25 ft in diameter, 
was located 2.5 ft from the wall of the shaft at t he nearest point. The 
center line of t he t unnel was at a depth of 27.5 ft below t he base-
ment floor. 
The soil from the s'<rect surface (El. + 13.0 Chicago City D atum) 
to a depth about 2 ft below the basement floor was a miscellaneous 
fill of cohesionless material in the upper portion, and a gray sil t in the 
lower. The underlying material for the entire depth of t he shaft was a 
plastic glacial clay, for the most part quite soft. The unconfined com-
pressive strength of the clay is shown in Fig. 1. The liquid and plastic 
limits were respectively 34 and 18 per cent. Above El. - 22 the natural 
·water content was approximately 27 per cent, between El. - 22 and 
- 44 the value was approximately 23 per cent, and below El. -44 
about 18 per cent. Water level was about 1 ft above the clay surface. 
The excavation was made with a clamshell bucket, and necessary 
hand trimming done with clay knives. After each advance in depth 
of 2 ft 9 in. a set of bracing was placed before further excavation. 
The bracing consisted of 9-in . channels curved to a circular shape 
corresponding to the diameter of the shaft. Each circular ring was 
fabricated in three segments for ease in erection. At the ends of each 
segment a butt plate was proYided, with holes for two bolts by means 
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of which the three segments could be fastened in to a complete ring. 
'Vhen excavation had aclrnnced a distance of 2 ft 9 in. belo\\· the last 
preYious ring, a new ring wa,: assemb led and suspended from the 
one above b~· angle 5pacer bars 2 ft long, as illustrated in F ig. 2. 
Steel lagging plates were placed one by one to 5pan the distance be-
h ,·een the lowest two rings. The plates were placed behind the rings 
so that t he upper and lo\YCr 3 in. of each p late were supported by the 
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rings. Afte r each plate was placed, sma ll wood blocks, usually 10 in. 
long and 1 in. thick, were driven behind it un til any voids due to 
clearance between lining and clay " ·ere filled. In this manner, com-
plete bearing of the lining was assured for the entire periphery of t he 
shaft. Excavation \.Vas done carefully so that voids more t han 1 in. 
deep seldom existed even before blocking. No connections were re-
quired between the lagging plates and rings. Squeeze of t he clay was 
probably reduced to a minimum, as evidenced by the fact t hat t he 
maximum settlement of t he ad jacent building during excavation was 
% in. About three weeks \\'ere required to excaYate and brace the sha ft. 
111 easurement of Pressures 
To ascertain the pressures exerted by the clay against the lining, it 
was most convenient to determine the direct compressive stress car-
ried by each ring. The area of each ring was known to be far greater 
J 
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than that required to support t he probable load. but the rin g::: were 
se lected on the bas is of aYailabili ty rather than economy. H ence, the 
antic ipated stresses " ·ere \'cry small. This fact, together \\·ith the 
rough handling necc:ssary in erection , made succes;;ful direct ~train 
determin ations extremely improbable. The use of a hydrauli c jack 
eq uipped \\·ith a pres,;ure gage appeared to hold greater promise and 
'ms adopted. 
In general , the procedure for measuring the load in a ring "·as to 
weld a steel block 1 in. square and 4 in. long on each side of one of 
t he joints in the ring , to loosen the bolts connecting the segment,;, and 
to determine t he load by means of a hydraulic jack reac ting against 
the blocks. The blocks (B) a re shown in Fig. 2. The presence of the 
butt plates, hmYever , prevented the insertion of the hydraulic jack 
directly between t he blocks. To overcome this difficulty the loading 
device shown in Fig. 2 was constructed. It provided a lever system for 
transferring the jack load to the blocks from a point inside the butt 
plates. M easurement of the lever a rms a and b provided t he necessary 
information for computing the load at the blocks from the jack load. 
The curvature of the rings caused the loading device to bear on the 
inner corner of each block B. In order to apply the load as near to the 
neutral axis of the channel as possible , shims were inserted which 
caused the load to be applied about Y:! in. from the channel \\'ebs. It 
was observed t hat the slight eccentricity of the applied load did not 
cause the joint to open unevenly. In every case, the separation of the 
butt plates occurred uniformly. 
Eleven of the 22 rings in the bracing were tested as soon as the 
shaft was completed. The measured loads are shown in Fig. 2, and 
corresponding unit pressures against the shaft in Fig. 1. For t he th ree 
ring loads after which a + sign appears, t he capacity of the equip-
ment was exceeded. On rings 7 and 15, t he welds failed to hold the 
blocks B to the channels. In these two cases the behavior of the ap-
paratus indicated that the ring load was probably not greatly in excess 
of the recorded value. In ring 8, however, the load of 50,000 p.s.i. \\'as 
sufficient to buckle the loading device without any indication that t he 
ring load was closely approached. Ring 23 was embedded in the con-
crete floor slab \\·hen the measurements were made. 
The pressure displayed a marked reduction in the lo\\·er part of 
t he shaft, simila r to the arching observed in open cuts upon " ·hich 
measurements \Yere made. The magnitude of t he pressure was, however, 
only about 46 per cent of that computed acco rding to the method 
proposed for the open cuts (see Trans. ASCE, 1943, p. 1008). 
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Conclusions 
On theoretical grounds it has been stated that t he pressure relief 
clue to the transfer of shearing forces to the soil beneath the bottom 
of a shaft in clay is likely to be Yery important (see T erzaghi , Theo-
retical Soil ::\lechanics, p. 214). The measurements described in this 
paper confirm this statement, and furni sh empirical data concerning 
the magnitude of pressures against one such shaft. 
n. DESCRIPTJO~ OF A FLO\Y SLIDE I~ LOO:-;E ::lA~D 
R. B. PECK A::\D \Y. Y. KAL":\ 
,..;ummary 
This paper describes a flow :olide that occurred in fine loose sand 
during reconstruction of a dock " ·all in East Ch icago, Indiana, in 
1946. The flow occurred through a narrow opening made by the re-
morn l of a small portion of a sheet pile wall. Since no seepage pres-
;;ures " ·ere involved, the primary cause of th e occurrence appears to 
be the collapse of the extremely loose structure of the fine sand. 
Description of Slide 
Conditions prior to the slide are shown in Fig. 1, which represents a 
cross-section through the clock wall. The outer face of the dock con-
sisted of sheet piles 45 ft long. To the east of the sheet-pile wall was a 
canal with its water level at El. 0.0. The channel was maintained by 
dredging to El. -23. On the west side of the sheet piling the surface 
of the ground had a constant level at El. + 7. A row of anchor piles 
30 ft long was driven vertically at a distance of 40 ft from the sheet 
piling and was tied to it by means of steel rods at water level. 
The material between El. + 7 and El. - 12 consisted principally 
of loose sand deposited by means of a hydraulic dredge. Most of this 
fill was pumped out of the channel during the construction of the dock. 
Bel\Yeen El. -12 and El. - 25 was a natural deposit of beach sand of 
the same grain size but of much greater relative density. At El. -25, 
the sand throughout this general area rests upon a bed of medium 
clay. At the location of the dock, however, part of the original surface 
of the clay had been once lowered by erosion and a fill of organic 
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materia l had acc umul ated before the beach :;and \\·as deposited. On 
accoun t of the prc:,;cnce of the organi c deposits as \\·e ll as the inade-
quacy of the anchor pil e::;, during the spri ng of 1945 the dock \\'a ll 
bulged t01rnrd t he channel a nd sho11·ccl signs of fa ilu re . As a conse-
quence it was decided to reconstruct ::;cvcral hundred feet of t he dock. 
In the reconstruction, longer piling was to be substituted for t he origi-
nal sheet piles and a nc1\· anchorage 1rns to be buil t at a distance of 
about 80 ft west of the dock line. 
In preparation fo r the repairs, a ll t he material betlYccn E l. + 7 
and E l. 0.0 was removed to the 1Yest of t he dock line for a distance 
of a bout 80 ft . In addi tion, a deeper pocket with a slope rising towa rd 
the west was excavated in t he loose sand immediately behind t he 
sheeting, so t hat soil pressure did not act against the sheeting above 
a bout El. - 14. Upon completion of t hese operations, conditions were 
as shown in Fig. 1. 
Inasmuch as t he reconstruction operations were to extend to wi thin 
a fe w feet of t he south property line indicated by the fe nce in Fig. 2, 
t he contractor took additional measures to protect t he adj acent 
property from possible damage by sloughing of t he slopes. At a dis-
tance of a bout 20 ft north of t he fence, a row of sheet piles AB was 
driven at right angles to the dock wall. This tempora ry piling ex-
tended to approximately El. - 27. H ence it barely penetrated t he clay 
and organic material beneath t he sand. A cross-section t hrough t he 
temporary sheet pile wall just west of t he dock wa ll is a lso shown 
in Fig. 2. It indicates the manner in which t he original bank near t he 
property line was sloped from El. + 7 to water level. At M , Fig. 2, 
was located a mooring post that also extended to approximately 
El. - 27. 
By virtue of these preliminary operations t he contractor expected 
to be a ble to pull t he sheet pile dock wall star ting just nor th of point 
A with little difficulty and without t he loss of much sand behind t he 
dock line. However , upon removal of the first t wo piles, having a 
total width of 2Y:! ft, sand began to flow through t he narrow opening 
and cont inued to flow for about 30 min before t he gap could be closed. 
During t his t ime between 500 and 800 cu yd of sand flowed through 
the gap. 
The principal mani festation of the flow was t he dropping of la rge 
chunks of sand into t he water at the edge of t he southern bank. These 
pieces first cracked away from t he bank and t hen slumped in to t he 
water and disappeared. After the slide the outline of t he bank was as 
shown in Fig. 2. Near the east end of t he bank severa l cracks remained. 
The posit ion of t he ground surface just west of t he bulkhead line is 
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shown in Section XX. In corner A the surface of t he sand had de-
scended from El. 0 to El. - 5. At poin t B near t he end of t he tempo-
rary sheeting t he depth was only slightly greater. At t he place where 
t he sheeting was removed, t he surface of t he sand was at about 
El. - 11. Since the total distance from A t o B around t he end of t he 
temporary sheeting and back to t he gap was 80 ft, t he final average 
slope was approximate ly 1 on 13. 
The photograph , Fig. 3, shows condit ions after t he slide. At the 
rear of t he v iew the fence can be seen in its original posit ion. Closer 
to t he dock , t he fence has collapsed in t he area involved in t he slide. 
At the extreme right of the ph otograph can be seen t he temporary sheet 
pile wall. It was still in position in spite of the fact t hat after t he 
fl ow it had an embedment of only 12 to 15 ft. In t he center of t he 
photograph is t he mooring post still in position and not t il ted. 
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It is obYiou:; from the cl r·a,,·in g;:; and the photograp h t hat the :;liclc 
\\'HS not a deep-seated ph enomenon and that on ly the materi a l aboYe 
El. - 12 \\'as inrnh·ed. H ad the underlying sand layer been disturbed. 
the mooring post and the temporary sheeting \\·ould a lmo:>t certainly 
have coll apsed or rno\·cd. In asmuch as the dock \\·all \\·as pro,·idcd 
with holes at \\'ater Jeni to maintain the elevation of the water at the 
same level inside and outside the sheeting, no hydraulic head could 
have existed ac ross the gap at the t ime the sheeting was remond. Th e 
relatively small disturbance caused by removing t he support from a 
~ 
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few feet of submerged sand at t he gap set in to motion a flo,,· that 
continued even when an extremely flat slope \YaS attained. The mon-
ment stopped only "·hen the gap \\'as closed. 
The excessively loose nature of the overlying part of the sand 
deposit was indicated by a number of test borings made at the site 
before reconstruction operations were begun. Each of these borings was 
made within a 2Y:! -in. casing. Samples ,,·ere taken at intervals of 2~ ft 
in t he vertical direction by means of a split spoon having an internal 
diameter of 1 % in. and an external diameter of 2 in. Th e spoon ,,·as 
driven in to the ground by a drop hammer weighing 140 lb and allo,,·cd 
to fa ll 30 in . The number of blows per foot of penetration wa;;; recorded 
as a measure of the relative density of the =-and. This procedure is 
widely used in the United States for prelimina ry exploration of sand 
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deposits. In general , resistances of Jess than 5 blo\\'S correspond to nry 
loose sand, from 5 to 10 to loose sand, from 10 to 30 to sand of medium 
density, and over 30 to dense sand. 
Wit hin t he upper 12 ft a single blow of the drop hammer \\·as 
sufficient to advance t he sampler as much as 22 in. In many parts 
of the deposit t he resistance to penetration was only one blow per foot. 
On the other hand, below El. - 12 t he penetration resistance varied 
between 10 and 15 blo\\·s. H ence, t he lower sand appears to have been 
relatively loose but stable whereas the upper sand involved in the 
flow \ms abnormally loose and unstable. The grain-size cun ·e of a 
sample of one of the finer lenses in the hydraulically deposited soil is 
shown in Fig. 4. It indicates that the individual lenses are extremely 
uniform. The fract ion passing the 100-mesh sieve and retained on the 
200 and that passing the 200 were examined under the microscope. 
Both consisted almost exclusively of angular quartz grains; very fc \\· 
rounded or sub-rounded grains were present. Grains passing the 200-
rnesh sieve were slight ly more angular than those in the coarser 
fraction. 
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Conclusions 
This paper describes the general feat ure" of a ft o,,· "li clc tha t oc-
currrd in ve ry loo:-;c sand due to a relative ly minor disturbance. The 
ft o1,· \1·as confined exclusively t o a uni fo rm excessively loose hyd raulic 
deposit ha, ·ing a penetration resistance, according to t he procedure 
described in t he tex t , of as Ji tt le as one blm1· for 22 in . On the other 
hand , th e underly ing sand which had a relative density somewh at 
greater (about 10 blows per ft ) did not parti cipa te in t he mo\·cment. 
In asm uch as no seepage pressures were involved, i t may be concluded 
that t he flow \ms due to the spontaneous liquefaction of the exces-
sively loose sand . 
YII. A STCDY OF S"CBGRADE COXDITIO::\:) OX A. 
R AILROAD IX THE \YEST E RX lJ~ITED STATES 
T . H . THORX Bt:RX 
Introduction 
This paper desc ribes rnrious subgrade conditions ,1')1ich were ob-
served during a fi eld innstiga tion of ra ilroad roadbeds. The subgradc 
soi ls are classified and drain age fac ili t ies a rc described. A tentat ive 
explanation of the mechanics of soft-spot fo rm ation is preFented . 
For some t ime the major rail roads of the Uni ted States have been 
interested in t he origin , nature, and col'l'ection of subgradc instability. 
T his problem became par ticularly acute during the \rnr years, \Yhen 
t he railroads were opera ting at capac ity and were fo rced to per fo rm 
roadbed maintenance " ·ith a minimum amount of labor. Unstable 
roadbeds resulted in t he loss of t housands of dolla rs by necessita ting 
"slow orders," abnormal resurfac ing opera tions, and extra mainte-
nance. Vari ous ra ilroads a ttempted t o find cures for their instability 
problems. One of the most promising of t hese 11·as pressure cement 
grout ing. H owever, li ttle work 1rns clone to establish the actua l cause 
of t he loss of subgrade support. 
Quali tative observations have established t hat free water , medium 
to highly plastic subgracle soils, and heavy t raffi c a ll cont ribute to 
the development of "soft spots." In t his respect t he problem is simila r 
to t he "pumping" problem on concrete pavements encountered by our 
state highway depart ments. The question whether unstable track is 
primarily the resul t of poor subgracle drainage has long been a sub-
ject fo r discussion. In but fe w cases have investigators been able to 
determine t hat benefi ts from subgracle drainage lasted more than a 
year or two. Also, t he relative im portance of surface and subgrade 
drainage has never been satisfacto rily established. Nor has enough 
info rmation been co llected to determine t he amoun t or t hickness of 
plastic clay required to start the development of soft spots. 
T o study t hese problems the Association of American R ailroads 
and t he E ngineering Experiment Station of t he University of Illinois 
entered in to a cooperative ag reement fo r an investigation to be carried 
on under the direction of G. 11. M agee, Research Engineer of the 
A. A. R. , and Dr. R. B. P eck, Research P rofessor of Soi l ~Iechan i cs. 
During t he summer of 1946 it 1rns observed that a portion of 
the D enver & Rio Grande Western Railroad about 40 miles south 
of D enver , Colorado, lay in an area which was especially sui ted to 
the type of investigation which was des irab le. Wi th in a distance of 
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several hundred feet very unstable lengths of track alternated with 
stable lengths. Here, it seemed, "·as an excellent opportunity to arrive 
at some rather definite conclusions with regard to the effect of drainage 
and the influence of the character of the clay on soft-spot formation. 
Geological Character of the Area 
In the vicinity of Larkspur, Colorado, the railroad runs along the 
east side of a stream valley at the base of the foothills of the Front 
Range. East of the right-of-way the ground rises rapidly to a low 
range of hills which are part of the poorly developed and badly eroded 
western tableland. West of the right-of-way the ground slopes down-
ward to the stream about 25 to 30 ft below the track. The track lies 
on alluvial material which is predominantly sand and gravel with 
lenses or strata of clay. This material appears to have been brought 
clown from the mountains and subsequently eroded by the valley 
stream. Several small streams are crossed by the track in the area 
selected for investigation and these serve as surface drainage outlets 
for the track structure. Most of these streams are dry during much of 
the year, but are usually filled to the flood stage during the storms 
which occur in this vicinity. 
General Subgrade Conditions 
The investigation showed that the subgrade consisted of 8 to 12 in. 
of medium to highly plastic clay underlain by 5 to 12 in. of sandy clay 
which graded into a mixture, sometimes stratified, of sanely clay, 
clayey sand, and sand. At a depth of 60 in. below base of rail either 
gravel, sand, or clayey sand was generally encountered. Ordinarily the 
thickness of the upper clay did not exceed 12 in. and in no case was 
any free water found in the material below the clay layer. This was 
to be expected, since any permeable strata within 15 to 20 ft of the 
surface must have been readily drained by the numerous deep tribu-
taries crossing beneath the track. 
Field Observations of Trench Sections 
Ten trench sections were studied during the course of this investi-
gation. Six were opened during the summer of 1946; the remain-
ing four, together with several auger borings, were studied in July, 
1947. Since the nature of the subsoil and the drainage conditions were 
the primary concern, it was not deemed necessary to excavate directly 
beneath the track structure. Consequently the trenches extended only 
from the ends of the ties out to the ditch lines. 
Figure 1, a diagram of each of the trench sections, indicates the 
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materia ls 11·hicl1 11·ere enco untered at the end of the tic:<. and a l,.;o 
the position of the ditch line 11·ith respect to the track structure. 
Table 1 contains the index properties of the pla;;;tic soib \\·hich \\·e re 
fo und . T ab le 2, page 48, indi cate:-; the condition of the roadbed as 
cla;;;s ified by the track foreman, and the position of t he ditch line 11·ith 
respect to the top of the su bgrade. 
Trenches 1 through 5 cover a total distance of only five rail lengths. 
Trenches 1 and 5 11·ere opened at each end of a Yery troublesome 
stretch of track whi ch had required maintenance as often as once a 
week in the past. Trenches 2, 3, and 4 were located within t his unstable 
section just one rail length apart. Several years before the irn·estiga-
tion a longitudinal French drain filled " ·ith la rge pieces of slag had 
been install ed para llel to t he track and a bout at the end of the tie~ . 
After the installation of the drain severe trouble was experienced about 
twice a year. Investigation disclosed that the drain had become clogged 
with fine material and had been displaced laterally by the squeez ing 
of ballast and clay from beneath the track. Figure 1 shows that t he 
surface drainage ditch could not function to remove the water from 
the deep pockets of ba llast t hat must have been present below t he 
central part of t he roadbed. It was also apparent t hat the 8- to 12-in. 
layer of plastic clay was not permeable enough to transmit the ac-
cumulated surface water to the porous sand strata below, as free 
water was fo und in all the ballast pockets even in midsummer. 
Trenches 6, 7, and 8 were opened in t hree different soft spots 
located about five rail lengths apart. Numbers 6 and 7 were both 
located in shallow cut sections and No. 8 was in a low fill section. All 
three were classified by t he track foreman as very troublesome and 
required maintenance from 1 to 4 times a month . At all three locations 
attempts had been made to drain the ballast pockets by means of rock 
drains running out to the ditch line. In Nos. 6 and 7 this treatment 
was not effective, since the base of the ballast pocket was about 8 in. 
below the level of the ditch. The excavation of t rench 8 disclosed that 
the track had been founded on a mass of plastic clay removed from 
t he adjacent cut. H ere the rock drains had been effective in removing 
the water from the ball ast to the ditch, which was at about the same 
elevation as the subgrade but which was cut in the very permeable 
clayey sand topsoil of the area. 
Trench 9 was opened at a cut-fill transition section . This location 
had formerly been ve ry troublesome, requiring t wi ce-month ly main-
tenance. In 1943, the track fo reman had used a 5-in.-diameter post-
hole auger to bore seven holes beside the rail s t hrough the clay 
subgrade down to clean whi te sand at a depth of 19 ft below the ba;;e 
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TABLE 2 
CONDITION OF ROADBED AND POSITION OF DITCH LINE 
Trench Roadbed Posit ion of Di tch Line N umber Condition Referred to Subgrade Surface 
1 Stable 6 in . below 
2 Unstable 15 in. above 
3 Unstable 30 in . above 
4 Unstable 21 in. above 
5 Stable 5 in . below 
6 Unstable 8 in. above 
7 Unstable 8 in. above 
8 Unstable 2 in. below 
9 Unstable 15 in. above 
10 Unstable 2 in. above 
of rail. Since then, the track has been raised only about eight times. 
The foreman's records showed a ballast pocket fo rmation extending 
to a depth of 4 ft directly below the rails. Apparently the auger holes 
are still functioning to remove water from t he ballast, because the 
ditch line is well above the top of the subgrade. 
Trench 10 was opened in an unstable low fill section. The trench 
could not be completed because of inclement weather, but t he presence 
of a highly plastic clay subgrade was established. The instability began 
with one rail length in 1940 and by July, 1947, a length of four rails 
had become involved. There was evidence of the beginning of a ballast 
pocket accompanied by the squeezing of clay from beneath the track. 
It is probable that deepening of the adjacent ditch together with the 
installation of a few rock drains would readily correct the instability 
at this stage. 
Discussion of Clay Soils Encountered 
Figure 2 shows the position of points representing test results for 
each of the clay soils, on a plasticity chart of the type developed by 
A. Casagrande. With the exception of the location at trench 10, the 
uppermost stratum of the subsoi l in the unstable sections was fo und 
to be a gray-blue or gray-brown clay of high plasticity. There is very 
li ttle difference between the two different-colored clays except that 
the gray-blue clays exhibit plastic properties over a slightly wider 
CIRC. 55. SOIL Y!ECHAKICS AKD FOli:\DATlO:\ E:\G \ 1\EERl1\G 
60 
50>--~--+-~~-+-~~-t-~--.~~--+-~~-t-
~ 
:K 30 .~ 
i:: 
!-) 
~ eo ----jl--_J_ 
101--t--:-:;--+~:J_ / 1~\leY 05 
G 5iifl 
o - GrCTy 8/ve Cler{/ 
• - GrCT{/ Brown C/CTf/ 
o - Hoff/ea', Li9'hf and Dark 
Gray- Grcrve/I;; Clery 
x - Brown Scrndy CICT{/ 
"' - Brown C/cryey Scrnd 
49 
00 10 eo 30 40 .§0 60 70 80 .90 100 
Liqvid Limif 
FIG. 2. POSITION OF POINTS REPRESENTING TEST RESULTS 
FOR EACH OF THE CLAY SoILS 
range of moisture content than do t he gray-bro;vn clays. The gray-
blue clays are probably less permeable and more cohesive than the 
gray-brown ones. 
In t he trenches in the stable sections, the uppermost stratum of the 
subgrade was found to be either a mottled light-and-dark-gray grav-
elly clay or a brown sandy clay. The plasticity chart indicates these 
soils to be clays of low to medium plasticity. These clays plot well 
above the A-line, which indicates a wide plastic range for clays of 
this type. It seems likely that the colloidal portion of these soils is 
similar to that of the gray-blue clays, but that the degree of plasticity 
varies with the amount of colloidal material present. 
The inadequate examination of the soi l profile in trench 10 indi-
cated the uppermost soi l stratum to be a dark gray clay similar to the 
upper clays in the stable sections. However, there was only about 1 in. 
of this material and it was underlain by several inches of highly 
plastic gray-blue clay. 
In general the subgrade consisted of gray-blue clay underlain by 
gray-brown clay which in turn was underlain by brown sandy clay 
or stratified brown clay and sand. In some trenches the gray-brown 
clay was absent; in others, the gray-blue clay; but in a ll trenches 
except t he in comp lete No. 10 a stratum of brown sandy clay, clayey 
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,.:and. or ::-tratifi ed clay and sand \\·as found in the lower portion of the 
trench. :-iince these clays \\·ere usually stratifi ed \\·ith sand they could 
be characterized as well drained. In no case was there any evidence 
of saturation of the sand strata associated with these clays. It is not 
likely that such clays would eYer be the source of roadbed instability. 
Discussion of Surface D rainage Facilities 
Examination of the trench sections established the presence of 
highly plastic clay soils at or near the subgracle surface in every un-
stable location. HO\rnver, the amount of water necessary to develop 
instability at the surface of the plastic subgrade cannot be determined 
easily. An indication that a considerable quantity of free 'rnter must 
be present before instability becomes a major problem is given by the 
data in Table 2. At every unstable location except that of trench 8 
the ditch line was above the top of the subgrade rather than below. 
This indicates that any surface water collected by the ballast could 
not be removed by the ditch under any circumstances. At these loca-
tions free 'rntcr is available to the subgrade throughout t he year with 
the possible exception of the Yery driest season. 
At the location of trench 8 the comparison of elevations is somc-
''"hat misleading, since the elevation of the top of the subgrade under 
the center of the track must have been below the clay surface at the 
end of the ties. This conclusion was verified by the flow of water from 
the ballast when the rock drains were installed by the track foreman. 
The improvement in stability of the roadbed brought about by such 
a simple device as the installation of rock drains indicates that free 
water must be available to the plastic clay in considerable quantity 
before maintenance becomes a serious problem. 
M echanics of Soft Spot Formation 
A study of the evidence provided by this field investigation sug-
gests the following explanation of the formation of "soft spots" and 
ballast pockets in railroad roadbeds. Undoubtedly there are some 
:::ourccs of instability which are not adequately explained. However, 
the explanation is intended to cover the majority of cases and not the 
exceptions. It assumes t hat when the roadbed was established all fill s 
were placed with a reasonable amount of care, so that large pore 
spaces which could hold large amounts of water within the fill itself 
\Yere not present. It also assumes that the roadbed was provided with 
adj acent ditches, through cut sections and at grade, which did fun ction 
to drain the surf ace of the subgrade for a t ime. It is intended to ex-
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plain ho\\' instability can develop even though drainage may be pro-
vided by means of adjacent ditches or by perforated pipe or tile within 
the subgrade itse lf. 
a. Where medium to highly plastic clay is present at or near the 
top of the subgrade, the weight of the track structure, including ballast, 
plus present-day locomotive wheel loads is sufficient to cause consoli-
dation of the clay unless it has been thoroughly compacted. (Few fills 
and practically no cuts were subjected to controlled compaction prior 
to 1940.) 
b. A relatively slight amount of settlement beneath the track 
produces a depression capable of holding free water transmitted to the 
subgrade through the pervious ballast. Even though the subgrade may 
have been provided with adequate lateral drainage, the adjacent 
ditches can no longer function to remove all of the free water from 
the subgrade. 
c. In the presence of free water the surface layer of the highly 
plastic clay is dispersed by the action of traffic, and a lubricated 
surface is produced along which the lower part of the ballast may move 
outward toward the side of the track. 
d. At the same time the presence of the excess water and the 
kneading action of the ballast under traffic cause the clay to soften to 
a depth of several inches and to raise its moisture content well into 
the plastic range. This permits plastic deformation of the subgrade 
itself , and the clay is also squeezed to the side of the track. 
e. The condition of instability then becomes self-aggravating, 
since a berm of impermeable material is thrown up at the sides of the 
track whereas the subgrade surface under the track is depressed. The 
ballast pocket formation is then well developed and is capable of re-
taining large amounts of water, which are present even in the driest 
season if the subgrade is sufficiently impermeable. 
f. At this time the roadbed apparently can be stabilized by some 
simple method of drainage which will remove the free water from the 
subgrade ballast pocket. This appears to be possible, since the track 
has been consolidated under a given set of loading conditions and 
equilibrium is established or may soon be established if the clay sub-
grade has no access to free water. However, an increase in traffic loads 
may upset the equilibrium, causing further consolidation and again 
rendering the drainage installation useless. Any other condition, such 
as clogging of the drains, which again permits accumulation of free 
water will a llow the conditions of instability to return. 
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Conclui;ioni; 
A field im·estigat ion of >'tab le and un,-table :'ection ~ of railroad 
track on the D enyer & Rio Grande We"tern R ailroad near Larkspur, 
Colorado. hat; yielded the foll01,·ing in formation . 
a. l:n>'tablc track is associated "·ith moderate to highly plastic 
cla>· ::;o il,.; at or Ycry near the surface of the subgracle. 
b. A high ly plastic clay layer as thin as I in. located at the sub-
graclc surface apparent ly may cause latera l di splacement of the bal-la~t wh en a suffi cient quantity of free water is present. 
e. Sand strata as close as 12 in. to the surface of t he subgrade 
a rc not cffectin in draining the ballast, if coYcrcd by highly plastic 
clay . 
cl. Considerable qu antities of free 1Yater appear to be ncccssar~· to 
promote serious instabili ty sin ce pcn-ious dra ins to the ditch line 
or to the sand below the clay han been cffectin in increas ing the 
stability of very unstable sections of track. 
e. l\Ioclerate]y plastic clay subgradcs did not become unstable 
where surface water \l'aS effectively removed by adjacent ditches. 
A tentatiYe explanation of the mechanics of soft spot formation in 
railroad roadbeds has been presented. 
...... 
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Purpose 
In the literature of soil mechani cs. much discussion has centered 
on the source of the strength and rigiclit>· of uncli ::;turbed cla>·s. Until 
recently, t his question appeared to have only academic importance. 
The results of field obscrYations carried out during the last fe\\· years, 
h01Yever, haYc suggested that the question may haYc Ycry important 
practical impli cations in connection with the consolidation of hy-
draulic fill clams, the remolding due to driving of piles, etc. 
Th e great decrease in strength experienced by some clays " ·hen 
rcmolded at un altered \Yater content was first observed by the S\YCdish 
GcotcclmicaJ Commission during t he investigation of landslides. Sub-
seq uently, A. Casagrande1 observed that the consolidation character-
istics of undisturbed and remoJded clays were a lso markedly 
different, and he concluded that such disturbing events as t he driving 
of piles into soft clay a rc likely to increase the compressibility of t he 
clay to such an extent that the piles may actua lly be detrimental. 
In order to explain the difference in t he physical properties of 
undisturbed and rcmoJded clays, Casagrande proposed a theory ac-
cording to which the clay particles settle during t he process of 
sedimentation into a definite arrangement called the "c l a~· stru cture." 
His conception of t he structure is t hat of a relatively coarse-grained 
skeleton of silt cemented together by highly compressed clay. The 
interstices of the skeleton are filled with soft clay. Casagrande states 
that " the building up of such a structure is chiefly dependent on t he 
exceedingly slow process of natural sedimentation and consolidation" 
because a rapid increase of pressure during sedimentation would dis-
place t he grains before they could become bonded by highly con-
solidated clay. R emolding is presumed to destroy the connecting links 
between t he larger soi l grains and to replace them by the uncon-
solid ated soft clay that fills t he interstices. Sin ce the dc\·elopmcnt of 
the links is presumably dependent on the exceedingly slow process of 
sedimentation , Casagrande was Jed to t he conclusion that " if " ·c 
destroy the structure whi ch nature has taken many centuries to build 
up , \1·e cannot restore it ." 
1 The Strurturf> of Clay and Its [mportnnC'c in Foundation Engineering. Journal of th(' 
Boston Society of Civi l Engineers , April , 1932. 
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A fundamentally different explanation of the manner in which 
undi sturbed clays acquire their strength and rigidity has been given 
by K. Tcrzaghi.2 According to this theory, the strength and rigidity 
are acquired primarily by "slow physico-chemical processes" which 
are due to the surface activity of the mineral grains. As a consequence 
of its surface activity, each clay particle is surrounded by a shell of 
adsorbed water, almost solid near the particle, and quite viscous 
within a somewhat greater distance. During sedimentation, the mass 
of clay consolidates and the viscous layers merge. Upon further con-
solidation, the solid parts of the water shells may come into contact 
and merge at a number of points in the clay mass and, as a conse-
quence, the mass becomes stiff. Remolding breaks the contacts be-
tween the solid water shells , displaces the grains, and introduces 
viscous adsorbed water between them, whereupon the clay becomes 
plastic. 
Field evidence has been advanced in support of both conceptions. 3 
However, since the field evidence has not been considered conclusive, 
laboratory experiments were designed to furnish pertinent data on the 
subject with the aim of throwing light on this much discussed problem. 
Materials and Properties 
The results of tests on four types of clay, identified by their places 
of origin, are reported in this paper. 
Table 1 gives the physical properties of the clays. The natural 
sensitivity indicated in column 4 denotes the ratio between the un-
confined compressive strength of the undisturbed material and the 
unconfined compressive strength after remolding at constant water 
content. 
Figure 1 gives the grain-size distribution and the mineralogical 
composition of these clays, plotted as a function of the size of the 
particles. The mineralogical composition of the coarser fractions was 
determined microscopically and of the finer fractions by means of the 
differential thermal curves for the specimens. 
Figure 2 shows the stress-strain relations for unconfined compres-
sion tests of the clays in the undisturbed and remolded conditions at 
the same water content. The unconfined compressive strength of the 
remolded samples, and of those undisturbed specimens that failed by 
bulging, was considered to be the stress corresponding to 10 per cent 
strain. 
'Undisturbed Clay Samples and Undisturbed Clays , J ournal o f the Boston Society o f Civil Engineers, July , 1941. 
3 
See discussion of "Application of Soil Mechanics in Designing Building Foundations" by A. Casagrande and R. E. Fadurn, Trans. A.S.C.E ., 1944. 
....._ 
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TABLE 1 
PHYS ICAL PROPEH'l'IES OF CLAYS 
Specific 
G ravity Natural )\atural Liquid Plas ticity Origin of T ype of of Water Sensi- Limit Index Clay Sampl e Clay Solid Content tivity % % :Matter % 
( I ) (2) (3) (4) (5) (6) (7) 
-
Laurentian 2.67 85± 14 .0 ± 66.0 41. 0 Beauh arnois, Quebec, 
Canada ; 
6 to 9 ft below ground 
Detroit I 2. 73 24 ± 2.5 ± 29 2 12 . 7 Detroit, U.S.A.; 
40 to 70 ft below ground 
Detroit II 2 77 47 ± 6.0 ± 5 1. 2 26 4 Detroit, U.S. A.; 
25 to 40 ft below ground 
Mexico 2 69 54± 5.0± 60.8 20.4 Mexican Dam; 
40 ft below crest of dam 
T est Procedure 
The investigation consisted of determining the unconfined com-
pressive strength of the clays when, after complete remolding, the 
material had been allowed to rest at constant water content for differ-
ent periods of time. Tests of this kind were made for various water 
contents or relative consistencies of the materials. The relative con-
sistency is defined as the difference between the water content and 
the plastic limit divided by the plasticity index. 
For each type of clay except the Laurentian clay, enough material 
was mixed together to furnish a uniform mass sufficient for all the 
series of tests performed on it. This procedure could not be followed 
in the case of the Laurentian clay, and as a consequence the material 
was slightly different for the different series. However, the difference 
in the properties of the various Laurentian clay samples was not 
great enough to influence the results significantly, and the results can 
be compared with each other. 
From each clay compression specimens were prepared in prismatic 
molds , Fig. 3, consisting of a bottom plate of glass, two L-shaped 
side plates of brass, and a top plate of glass. In the first tests the 
plates were lined with ordinary waxed paper to avoid sticking of the 
clay to the mold. Later, a thin coat of mineral vaseline was used 
instead of the waxed paper. 
One of the specimens so made was tested immediately (O-day 
test). The rest were sealed in their molds by welding the brass and 
glass plates together with a fill et of paraffin, and the entire assembly 
was placed in a tin can containing paraffin on the verge of solidifying. 
The tin can was later filled and sealed with paraffin . 
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The specimens, stored in this manner to keep them at constant 
water content , were tested after periods of 3, 7, 14, 28, 60 , etc., day:-
to determine the increase in strength they had experienced with 
respect to the 0-day specimen. 
In general, the test procedure gave good results. However, the 
tests indicate a sli ght trend of the moisture content of the clay to 
decrease \Yith age, mainly on account of absorption of water by the 
waxed paper. This decrease was small and did not significantly influ-
ence the results. 
Results 
The test results are given in Tables 2- 5 and Figs. 6- 15. The 
acquired sensitivity is the ratio between the ult imate strength of t he 
clay after a certain period of rest and the ultimate strength imme-
diately after the specimens were molded (O-day test) . 
a) Laurentian clay . - The experiments on Laurentian clay com-
prise 7 series in each of which the material had a different water 
content. Series 1 constitutes the main series. The results are given in 
T able 2, Fig. 4 , and Fig. 5. Figure 4, showing the stress-strain curves, 
indicates that the clay experienced a very large increase of both 
strength and rigidity as a consequence of resting at constant water 
content. The sensitivity after 610 days of rest reached a value of 4.45 , 
nearly one third of the natural sensitivity of the undisturbed material 
as given in Table l. 
60 JLLl:\0 18 E:-.IG JX EEBI:\G EXPE RL\IE:\T STAT ION 
TABLE 2 
L·-1co .-.:r11' E D C oMPRESSI ON T Es·r s Ol\ LA UREl\TlAl\ C 1, AY: S E RIES 1 
(R elative Consistency = 0.99) 
T ested After Ultim a te Strength 
a Rest W a ter (for 10% Strain T ype of A cquired 
Pe riod of C o ntent, or Less) Failure Sens itivity 
(Days) % g m/cm2 
(1) (2) (3) (4 ) (5) 
0 66 . 7 25 7 bulge LO 
3 66 .3 49.4 she'.lr and 1.92 
splitting 
7 66 . 0 51.0 shear and 1.96 
splitting 
14 66 . 0 56 2 shear and 2 . 19 
splitting 
28 65. 5 63 . 0 shea r and 2.45 
splitting 
60 65 . 0 83 .0 shear and 3 22 
splitting 
120 65. 3 90 . l shea r and 3 51 
splitting 
240 65 . 5 109. 0 shear and 4 . 25 
splitting 
610 65 . 6 114 . 0 shear and 4 . 45 
splitting 
The results of Series 2 to 6 are given in Fig. 5. They indicate in-
creases in strength similar to those recorded in Series 1. Series 7 was 
undertaken to determine the relation between the relative consistency 
and the increase in strength after a constant period of rest. The 
results are given in Fig. 9, in which are also included similar data 
derived from the other series. For Series 7, the 0-day strength was 
obtained by remolding and again testing the aged specimen imme-
diately after the test to determine its acquired strength. In this way, 
the influence of the small loss in moisture experienced by the specimens 
of the other series was entirely eliminated. 
All the curves of Fig. 6 indicate that, for a given period of rest, 
the relative increase in strength increases with the relative consistency 
of the clay. In other words, in the range of consistencies tested, the 
rate of hardening increases with the water content. This phenomenon 
may partly explain the high natural water content of the Laurentian 
clay. Under the slow process of sedimentation and subsequent con-
solidation by which the clay strata were formed , if hardening took 
place in a manner similar to that in the test specimens, the clay would 
have tended to stabilize itself at the water content for which the rate 
of hardening was the greatest. This critical water content is evidently 
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higher than any u,;ccl in thi,; inye,.;ti gation . but the natural ,rnter con-
trnt of the clay is also higher. 
b) D etroit I clay. - T e!';ts on D etroit I clay comprise four groups 
de;;;ignatcd as Series a to d. The results arc ginn in Table 3 and Figs. 
7- 9. Series a \\'as the most extensive. 
The maximum acquired scn::: itivity measured in these series of 
te:::ts reached a value a little over 2.10. Compared with the natural 
sen::: itivity of about 2.5 (Table 1) the experiments indicate that this 
clay may eventually regain a Yery great part of its original strength 
lost by remolding. 
The results given in Fig. 9 arc not extensiYc enough to permit a 
definite conclusion, but they seem to indicate that the maximum rate 
of hardening for the D etroit I clay occurs at a water content near the 
liquid limit. The water content of the clay in the ground is smaller 
than thi::: value. 
c) D etroi t II clay. - Only one series of tests was made on this 
clay, at a relative consistency a little higher than that corresponding 
to the natural water content of the clay in the ground. The results arc 
given in T able 4 and Figs. 10 and 11. 
The rate of increase of both strength and rigidity was slo\Yer for 
this clay than for the other two types already reported. Only after 240 
clays of rest did the stress-strain curve acquire a shape similar to 
that of the undisturbed material. The acquired sensitivity , however, 
reached values up to 2.36 , about one third of the natural sensitivity of 
the undisturbed material. 
TABLE 3 
UNCONFINED COMPRESSION T ESTS ON D ETRO IT I CLAY: SERIES a. 
(Relative Consistency = 0.98) 
Tested After 
Ultimate Strength 
a R est W ater 
(for 10% Strain Type of 
Acquired 
Period of Content, 
or Less) Fnilure 
Sensitivity 
(Days) % gm/cm' 
( \ ) (2) 
(3) (4) 
(5) 
0 29.1 
34 .2 bulge 
1. 0 
3 29 . l 
49 .0 bulge 
l. 43 
7 29 .0 I 5 1. 5 bulge 
l. 51 
14 28.9 I 
49 4 bulge 
I. 44 
\ 
l 
28 28.9 
58 0 I bulge 
l. 70 
60 28 .3 I 68.6 bulge 
2.00 
' 
I 
J. 88 
120 28 .6 
64 . 2 bulge 
-
. 
. 
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TABLI·;-! 
l 'xcoxr-1x~:o Co~IPHESS1ox TESTS ox DETHOIT II CLAY 
(H.dativr Consistency= 0.9-! ) 
\\'a tcr 
Content, 
o/c 
50. 7 
49 .3 
48.ll 
50 2 
49 8 
49 6 
50 3 
49.9 
50. l 
48.9 
"'--
I 
-
l ' ltimat e Strength I 
(for 103 8train 
or Less) 
31.6 
I 
40 .6 I 
37. 7 I 
30.6 
46 7 
50.2 
49 4 
67.0 
74 .5 
67.2 
~ 
__/ 
-
Tvpe of 
Failure 
bulge 
bulge 
bulge and 
splitting 
bulge, shear, 
and splitting 
bulge, shear, 
and splitting 
bulge and 
shea r 
bulge and 
she1r 
hulp;e and 
shear 
bulge and 
shear 
shea r 
I/ 
/ 
I 
~ 
/\ 
AC'quircd 
~ 
• ''- " 0 ' ~· •• ~-· 
(5) 
I. 0 
I. 29 
1. Ill 
I. 25 
I. 48 
l. 59 
I. 56 
2. 12 
2 36 
2.13 
'b 
50 I 00 200 500 /()(}() 
Peri od of' Rest in DCTqs 
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d) M e:rico clay. - T ests on this clay comprised a single ::;hort 
series. The results are giYCn in Table 5 and Fig. 12. The increase in 
strength experienced by the material during the 60-day extent of 
th is series \YaS small \\·hen compared \Yith the natural sensitivity of 
the clay. However, the tests on Detroi t II clay suggest that , if allowed 
to rest longer, the Mexico clay might have developed further increase 
in its strength and rigidity. 
Discussion and Conclusions 
The results of the tests indicate that a clay "·hich has lost a great 
part of its original unconfined compressive strength by a process of 
complete remolding may regain a sensible part of its lost strength if 
kept for a certain period at constant water content. Depending on the 
type of clay, this phenomenon may, in some cases, restore the greater 
part of the original strength of the undisturbed material. This fact is 
in contradiction with the theory that assigned most of the difference 
in strength between undisturbed and rcmolded clays to a structure 
that could never be restored once it was destroyed. 
Since the test conditions precluded the development of any par-
ticular structural arrangement, it appears that the period of rest must 
have permitted the clay to restore the contacts originally existing 
between the shells of adsorbed water surrounding each particle. This 
explanation is more in agreement with the physico-chemical concept 
of the cause of the strength and rigidity of undisturbed clays. The 
test results, however, are not in complete accord with this concept. 
If they were, the thixotropic phenomena should have restored prac-
tically all of the original strength of the undisturbed clay. This was 
TABLE 5 
UN CONFll\'ED COMPRESSION TESTS ON MEXICO C 1, AY 
(Relative Consistency= 1.03) 
T ested After 
Ultimate Stren.u;th 
a Rest Water 
(for 10% Strain T ype of 
Acquired 
Period of Content, 
or Less) Failure 
8ensitivity 
(Days) % gm/cm' 
(l) (2) 
(3) (4) 
(5) 
0 61. 5 
44 4 bulge 
l.0 
53 5 bulge 
1. 32 
14 
28 . . 
55. 7 bulge and 
1. 25 
she:t.r 
60 . . 
GI .8 bulge and 
1 .39 
shear 
-
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Fm. 12. R ESULTS OF T ESTS ON MEx1co C LAY 
nearly true in the case of the Detroit I clay, but not for t he other 
materials tested. There remains no doubt, however, t hat a signi ficant 
part of the strength and rigidity of undisturbed clays depends on t he 
physico-chemical processes resul ting from t he surface activity of the 
mineral grains. 
